The bacterial genus Rhodopseudomonas is comprised of photosynthetic bacteria found widely distributed in aquatic sediments. Members of the genus catalyze hydrogen gas production, carbon dioxide sequestration, and biomass turnover. The genome sequence of Rhodopseudomonas palustris CGA009 revealed a surprising richness of metabolic versatility that would seem to explain its ability to live in a heterogeneous environment like sediment. However, there is considerable genotypic diversity among Rhodopseudomonas isolates. Here we report the complete genome sequences of four additional members of the genus isolated from a restricted geographical area. The sequences confirm that the isolates belong to a coherent taxonomic unit, but they also have significant differences. Whole genome alignments show that the circular chromosomes of the isolates consist of a collinear backbone with a moderate number of genomic rearrangements that impact local gene order and orientation. There are 3,319 genes, 70% of the genes in each genome, shared by four or more strains. Between 10% and 18% of the genes in each genome are strain specific. Some of these genes suggest specialized physiological traits, which we verified experimentally, that include expanded light harvesting, oxygen respiration, and nitrogen fixation capabilities, as well as anaerobic fermentation. Strain-specific adaptations include traits that may be useful in bioenergy applications. This work suggests that against a backdrop of metabolic versatility that is a defining characteristic of Rhodopseudomonas, different ecotypes have evolved to take advantage of physical and chemical conditions in sediment microenvironments that are too small for human observation.
alphaproteobacteria ͉ ecotype ͉ genomes ͉ photosynthesis ͉ rhodopseudomonas N atural populations of closely related bacteria are commonly comprised of physiologically and genetically distinct variants, referred to as ecotypes (1) . Ecotypes are thought to have evolved by adapting to environmental conditions in the natural habitats from which they derive. Some have suggested that ecotypes are the fundamental biological units, rather than species, which have no generally agreed upon theoretical basis in microbiology (2, 3) . Perhaps the best example of the analysis of ecotypes at the genome level comes from studies of the marine cyanobacterial genus Prochlorococcus. Prochlorococcus isolates from various depths in ocean waters vary in growth responses to light intensity and have been classified as high-light-or lowlight-adapted ecotypes. The genome sequences of a collection of these isolates revealed the molecular basis for the high-light and low-light ecological differentiation of natural populations (4) (5) (6) .
In contrast to open ocean environments, which tend to be homogeneous on a large scale, soils and sediments are heterogeneous on a large scale. Homogeneous environments likely exist in soils and sediments, but on a microscale that is generally too small for human observation. The genus Rhodopseudomonas consists of photosynthetic Alphaproteobacteria of extreme metabolic versatility. Members of the genus are ubiquitous in temperate aquatic sediments (7) (8) (9) , and isolates classified as Rhodopseudomonas spp. can grow with or without light or oxygen, fix nitrogen, and have highly developed biodegradation abilities. The sequenced genome of Rhodopseudomonas palustris strain CGA009 revealed much of the genetic basis for this versatility and, we presumed, its ability to grow in heterogeneous environments typical of sediments (10) . However, expanding beyond the analysis of this single strain, a genotypic characterization of 75 isolates of Rhodopseudomonas from sediment samples at three different sites revealed significant strain-tostrain differences (11) . That study showed that the genus Rhodopseudomonas consists of distinct populations and raised the possibility that each population has distinctive physiological characteristics. To investigate this possibility we sequenced the genomes of four genotypically distinct isolates of Rhodopseudomonas and analyzed selected physiological traits. Our findings show that although the isolates share many characteristics in common, each strain has a unique set of genes for physiologies that define them as distinct ecotypes. The ecotypes have likely evolved to take advantage of microenvironments in sediments. Strain-specific adaptations that allow anaerobic fermentation, expanded biodegradation, or expanded light-harvesting capabilities are also potentially useful in applications for biohydrogen production by Rhodopseudomonas.
Results

Selection of Rhodopseudomonas Strains for Genome Sequencing.
Rhodopseudomonas strains isolated by direct plating from three freshwater sediment samples from the Netherlands belonged to several distinct clades based on 16S rRNA analysis (Fig. 1) . We selected three strains (BisB18, BisB5, and BisA53) isolated from the top 0.5 cm of claylike sediment that was present 1-2 cm below the surface of a river along its bank. Strains BisB18 and BisB5 were isolated from the same 0.5 g of sediment sample, whereas BisA53 was from a sample taken about 5 m away. The river was not obviously polluted but it was near a small industrial area. A fourth strain (HaA2) came from a site roughly 240 km from the first two locations. It was obtained from a 1-2 mm-thick patch of leaf litter, roots, and sediment present Ϸ2 cm below the surface of a shallow pond that was formed by the accumulation of rainwater in a depression (11) . These four isolates as well as previously sequenced Rhodopseudomonas palustris strain CGA009 had 16S rRNA sequence identities of 97.3% or greater (Table 1) . Because this degree of divergence is slightly more than that considered by many to be the cutoff for a species (2, 3), we have elected to classify the strains simply as Rhodopseudomonas. Cells of each strain tend to form rosettes, and each has the budding type of cell division that is typical of the species Rhodopseudomonas palustris.
General Genome Features. The genomes of the five strains are each about 5.5 Mb in size, with the exception of BisB5, which is slightly smaller with a genome of 4.9 Mb (Table 1) . Also included in Table 1 are the key features of an additional recently completed Rhodopseudomonas palustris genome, that of strain TIE-1 (http://genome.ornl.gov/microbial/rpaltie1/). The genomes of TIE-1 and CGA009 are 97.9% identical at the nucleotide level over 5.28 Mb of shared DNA. The two genomes each have between 5 and 10 large indels (insertions/deletions), many of which encode phagelike elements, and CGA009 has a vanadium nitrogenase gene cluster. In general, the genomes are so similar that we used only CGA009 in our comparisons. When the genomes of pairs of strains are aligned, some pairs, such as BisB18 and BisA53, have similar genome architectures. Other pairs, such as the comparison of CGA009 with HaA2, have large inversions of DNA relative to each other. In most pairwise comparisons, many rearrangements and sequence inversions are observed even though the general gene order and overall genome architecture is preserved (supporting information (SI) Fig. S1 ). All of the genomes exhibit homogenized GC skews (Fig.  S2) , indicating that the observed high levels of genome rearrangements may be mostly due to old events. Only one of the strains (CGA009) has an extrachromosomal element in the form of a small plasmid.
Gene Inventories. The 23,683 predicted proteins encoded by the five genomes were clustered into categories according to the number of orthologs shared by groups of strains (Fig. 2 ). About 2,750 genes are shared by all five genomes, which is about 55% of the genes from each strain. We designated the 3,319 genes (without paralogs) that are shared by four or more strains as core genes (Table S1) 17.6% of the genome) strain-specific genes (Table S2 ). The pan-genome includes about 8,000 genes (12). The percentage of shared genes between pairs of genomes varies from 66.7% to 77.1%, and the average percent amino acid identity between orthologs from pairs of genomes varies from 74.6% to 87.0% (Table 2) .
Predicted Core Metabolic Features of Rhodopseudomonas Isolates.
The combination of genes shared by all strains for photosynthesis, respiration, nitrogen fixation, biodegradation, and inorganic compound oxidation defines Rhodopseudomonas as a group distinct from any other described bacterial taxonomic unit (Table S3 ).
Phototrophy. Phototrophy is a hallmark characteristic of Rhodopseudomonas that is reflected in a conserved cluster of 50 genes (RPA1505-1554; CGA009 numbering) for carotenoid and bacteriochlorophyll synthesis, the structural components of the photosynthetic reaction center, and a light-harvesting 1 (LH1) system. These genes are contiguous except for a small insertion of unrelated genes in the photosynthesis cluster in BisA53 and a larger insertion of unrelated genes in BisB18. This gene region also encodes a conserved combination of regulatory proteins that is characteristic of Rhodopseudomonas. These include PpsR1 and PpsR2 transcription factors, which repress photosystem development under conditions of high aeration, and a bacteriophytochrome (RpBphP1) that responds to far-red light to antagonize the repressive activity of PpsR2 when oxygen levels are sufficiently low to stimulate the transcription of photosynthesis genes (13, 14) . Each of the strains encodes a light-harvesting 4 (LH4) complex and at least three variants of light harvesting 2 (LH2). LH4 complexes predominate at low light and may absorb light more efficiently than LH2 complexes (15) (16) (17) . The LH4 region in each Rhodopseudomonas strain encodes two bacteriophytochromes (RpBphP2 and 3; RPA3015 and 3016) that function as light-regulated signal transduction histidine kinases in conjunction with neighboring response regulator proteins that are presumed to control LH4 gene expression (18, 19) . The presence of multiple LH polypeptides and bacteriophytochromes indicates that Rhodopseudomonas has developed a sophisticated set of photoreceptors to respond to changes in light intensity and light quality as compared with other purple nonsulfur phototrophs.
Carbon Source Utilization. The most distinctive carbon utilization characteristic that sets the Rhodopseudomonas group apart from many other bacteria is its ability to degrade aromatic compounds (10) . All five strains encode oxygenase-dependant ring cleavage pathways for homogentisate (RPA4670-4675) and phenylacetate (RPA1723-1724 and RPA3765-3768), compounds that are derived from diverse sources, including amino acids and plant secondary metabolites. All strains except BisB18 encode aerobic degradation pathways for protocatechuate (derived from lignin monomers; RPA4695-4703). Strain CGA009 served as a model organism to elucidate a central anaerobic benzoate degradation pathway that involves novel steps of benzene ring reduction and cleavage in the absence of oxygen (20, 21) . The cluster of genes that encodes this pathway (RPA0650-RPA0673) is found in four of the five Rhodopseudomonas genomes. Strain HaA2 lacks this anaerobic capability. CGA009 has a well-developed ability to use medium-and long-chain fatty acids and dicarboxylic acids for growth (22) , and this capability appears to be characteristic of the Rhodopseudomonas group. All five strains have a conserved cluster of fatty acid ␤-oxidation genes (RPA3712-3717) (22) , and all encode enzymes of the glyoxylate shunt. BisA53 does however have a transposase gene (RPE3777) inserted between two of the genes in its ␤-oxidation gene cluster.
Autotrophic Growth. Each of the strains encodes ''red'' form IC CbbLS (RPA1559-1560) and form II CbbM (RPA4641) ribulose-1,5-bisphosphate carboxylases (RubisCO) for carbon dioxide fixation. Other genes of the Calvin cycle are also conserved among the five strains and adjacent to cbbM. CGA009 differs from other purple nonsulfur bacteria in that it grows poorly with CO 2 but well when supplied with inorganic carbon as NaHCO 3 (23) . Two carbonic anhydrases that may be involved in conversion of NaHCO 3 to CO 2 gas are conserved in all five strains. Electron donors used by the Rhodopseudomonas isolates for photoautotrophic growth include thiosulfate (all strains except BisB18 encode thiosulfate oxidase) and hydrogen (all strains except HaA2 encode NiFe uptake hydrogenase).
Respiration. Rhodopseudomonas is well adapted to microaerobic growth in light, and it also grows aerobically in dark. Genes encoding a cytochrome cbb 3 oxidase (RPA0014-0019), a cytochrome aa 3 oxidase (RPA0831-0837), and a cytochrome bd ubiquinol oxidase (RPA4793-4794) are conserved in the five strains. Nos genes to permit anaerobic-dark growth with nitrous oxide as a terminal electron acceptor (RPA2060-2066) are present in all strains except BisB5. All five strains encode two paralogous NADH dehydrogenase complexes (RPA2937-2952 and RPA4252-4264). Genes encoding a FixLJ-K twocomponent low-oxygen sensor-regulator system are adjacent to the second dehydrogenase gene cluster in all strains. This system has not been described in other purple nonsulfur bacteria but is widely distributed in the rhizobiaceae (24) .
Nitrogen Fixation and Hydrogen Production. A cluster of 32 genes for the assembly, synthesis, and activity of molybdenum-dependent nitrogenase (RPA4602-4633) is completely conserved among the strains (25) . All strains also have a conserved cluster of genes predicted to be involved in regulating nitrogen metabolism (RPA2591-2598). Although the biological function of nitrogenases is to convert nitrogen gas to ammonia, these enzymes also generate hydrogen gas as an obligatory aspect of their catalytic mechanism. We found that all of the Rhodopseudomonas strains grew under The upper-right half of the matrix shows numbers and percentage in parenthesis of orthologs (paralogs were excluded) and the lower-left half of the matrix shows the average percent amino acid identities between orthologs from pairs of genomes.
nitrogen-fixing conditions and had significant nitrogenase and hydrogen production activities (Table S4) .
Features Common to Two or Three Strains.
Approximately 20% of the genes in any genome have an ortholog in just one or two of the other of the four (Fig. 2) . Among these are an acyl homoserine lactone (HSL) synthase gene (RPA0320) that specifies the synthesis of a novel quorum-sensing signaling compound, pcoumaroyl-HSL, from exogenously supplied p-coumarate rather than from endogenously produced fatty acids, as is the case with all other described HSL synthases (26) . The use of p-coumarate, a plant metabolite, for quorum sensing allows bacterial cells to integrate the two environmental cues of cell density and carbon compound availability to promote gene expression by its associated p-coumaroyl-HSL-dependant transcriptional regulator (RPA0321). Besides CGA009, in which it was characterized, this system is present and functional only in HaA2 and BisB5. The circadian clock genes (RPA0008-0009) that were identified in CGA009 and are now known to be present in other photosynthetic bacteria, including Rhodospirillum rubrum, Rhodobacter sphaeroides, and photosynthetic Bradyrhizobium strains, are found only in BisB5 among the newly sequenced Rhodopseudomonas strains. A final example, out of many that could be mentioned, is the pio operon for iron (II) oxidation (27) . Characterized in Rhodopseudomonas palustris strain TIE-1 (28), this operon encodes a c-type cytochrome, a putative outer membrane protein and a high-potential iron sulfur protein that enables photoautotrophic growth on reduced iron. This operon is present in CGA009 (RPA0744-0746), BisB18, and BisA53.
Strain-Specific Genes Reveal Physiological Adaptations Relevant to
Life in Sediments. The set of genes that is unique to each strain includes many hypothetical and conserved hypothetical genes, but also genes that have predicted functions that may give each strain a competitive advantage over the others in specialized environments (Table 3) . Of the five strains, BisB18 is predicted to be the best adapted to anaerobic dark growth. It encodes pyruvate-formate and formate-hydrogen lyases that permit growth by pyruvate fermentation. It also has three sets of dimethyl sulfoxide reductase genes to allow for anaerobic respiration of organic compounds with dimethyl sulfoxide as a terminal electron acceptor (Table 3 and Table S5 ). Additionally, the BisB18 genome indicates the potential to derive energy from the anaerobic, dark, oxidation of carbon monoxide. We confirmed predictions based on its gene inventory that BisB18 grows photoheterotropically on methanol or acetone, carbon compounds that are atypical for other Rhodopseudomonas strains. Although its genome sequence predicts that BisB18 should grow well by aerobic respiration, this is not its preferred mode of growth in the laboratory. It grows very slowly in the presence of air (Table S5) .
The HaA2 gene inventory predicts that this strain is better adapted for growth by aerobic respiration or possibly microaerobic respiration in light than for anaerobic photoheterotrophic growth. In addition to the three aerobic terminal oxidases that are encoded by all five strains, HaA2 encodes an additional two cytochrome bd-quinol oxidase paralogs and a cytochrome o ubiquinol oxidase. Genes for this latter enzyme are also present in BisB5. HaA2 grows faster with succinate under aerobic conditions than anaerobically in light (Table S5) . It is also the one strain that lacks the genes necessary for the degradation of aromatic compounds in the absence of oxygen.
A distinguishing characteristic of CGA009 is that it has highly developed nitrogen fixation and nitrogen acquisition abilities. It encodes active vanadium and iron nitrogenases in addition to the expected molybdenum nitrogenase (10, 25) . BisB18 and BisA53 encode molybdenum and iron nitrogenases only, and HaA2 and BisB5 encode only molybdenum nitrogenase. HaA2 and BisB5 encode a single ammonia transporter, whereas the other three strains encode two of these proteins (RPA0273 and RPA0275). CGA009 and HaA2 encode four glutamine synthetases, whereas other strains encode only one or two versions of this key ammonia-assimilating enzyme.
Strain BisB5 is unique among the Rhodopseudomonas strains in having a gene cluster for anaerobic phenylacetate degradation similar to that described in the denitrifying bacterium Azoarcus sp. strain EbN1 (29) . BisB5 grows well anaerobically in light with phenylacetate as a carbon source (Table S5) . Phenylacetate is formed in the degradation of phenylpyruvate and flavonoids. Its degradation pathway involves activation by CoA and oxidative decarboxylation to benzoyl-CoA. The benzoate degradation gene cluster lies adjacent to the phenylacetate gene cluster in BisB5 and is followed by an operon (RPD1546-1549) encoding an additional ''greenlike''-type IAq RubisCO (30) , which is also unique to BisB5.
In the laboratory, BisA53 cells aggregate during growth and form thick biofilms on the walls of culture vessels. Scanning electron micrographs showed evidence of amorphous extracellular material that could be exopolysaccharide. This likely reflects the expanded set of exopolysaccharide synthesis genes that is encoded by this strain (Table 3) . BisA53 also has seven sets of light-harvesting genes, as compared with four sets in the other strains. Absorption spectra of strain BisA53 revealed a unique absorption peak at 810-820 nm that is similar to a type 3 light-harvesting complex (LH3) described for Rhodoblastus acidophila strain 7050 (31) (Fig. 3 ). This indicates that BisA53 has a competitive advantage over other Rhodopseudomonas strains at 810-820 nm wavelengths of light.
Discussion
Our analysis suggests that the Rhodopseudomonas isolates are different ecotypes that evolved by radiating into microenvironments with distinctive characteristics of light, oxygen, and nutrient availability while retaining a high degree of metabolic flexibility. CGA009 is well adapted to an environment with little fixed nitrogen, and is depleted in molybdenum but possibly relatively rich in vanadium. BisB5 has the potential to better take advantage of decaying plant material in oxygen-depleted environments that are exposed to light than the other strains. HaA2 has a highly developed ability to grow aerobically or microaerobically and can likely outcompete other strains under these conditions. BisB18, in contrast, can thrive in dark anaerobic conditions under which none of the other stains can grow. BisA53 can use a slice of the electromagnetic spectrum that is not available to other strains. Although the microenvironments from which each of these Rhodopseudomonas ecotypes derive are on a scale that may be too small to allow accurate measurement of their physical and chemical characteristics, we can perhaps infer these characteristics from the genome sequences. Gene loss or acquisition is a major mechanism of bacterial adaptive evolution to local conditions in heterogeneous environments that contain a range of ecologically distinct habitats. Evidence for the acquisition and retention of phenotypes via lateral gene transfer can be inferred for some of the strainspecific gene islands listed in Table 3 . For example, an integrase gene (RPC4490) and a transposase gene (RPC4507) flank the cluster of BisB18 genes that codes for a carbon monoxide dehydrogenase and a carbon monoxide-tolerant hydrogenase. A large cluster of putative exopolysacharide synthesis genes (RPE1088 -1120) is f lanked by a phage integrase gene (RPE1075) and a transposase gene (RPE1134) in BisA53. In CGA009, the vanadium nitrogenase gene cluster (RPA1370-1403) is part of an indel that is not present in the highly homologous Rhodopseudomonas palustris TIE-1 genome sequence, inferring that vanadium nitrogenase was acquired by lateral gene transfer. In addition to the gross changes that we see in gene inventories, mutations and alterations of the location, orientation, and the coding strand of existing genes have likely changed the enzymatic activities and expression levels of many genes to provide increased adaptive fitness.
We selected for sequencing the four strains described here because their rRNA phylogenies predicted that these would be among the most divergent strains in our collection from three sites in the Netherlands. As noted previously, the percentage of shared genes between pairs of genomes is about 72% Ϯ 5% for each comparison, and the average percent amino acid identities between orthologs from pairs of genomes varies from 75% to 87%. When we applied a similar analysis to nine fully sequenced Prochlorococcus strains (5) we found that the percentage of shared genes between pairs of strains varies from 67% to 93%, and the average percent amino acid identities between orthologs from pairs of strains varies from 57% to 97% (Table S6) . Thus, by these criteria, the sequenced Rhodospeudomonas strains are not as divergent as sequenced members of the Prochlorococcus group. The four new genome sequences discussed here are from strains that were isolated from environmental samples by direct plating on nonselective media (11). Most previously described Rhodopseudomonas strains were isolated following enrichment in selective media. Such strains tend to be more closely related to each other. For example, CGA009 and all of the strains, including TIE-1, that group in the same clade with CGA009 in Fig. 1 were isolated by enrichment. TIE-1, the most recently sequenced Rhodopseudomonas strain, was isolated following enrichment for phototropic iron oxidizing bacteria (28) , and as noted previously, is extremely similar to CGA009. Enrichment conditions typically select for the fastest growing members of a group that may be present in an inoculum of soil or sediment. It appears that as a consequence of this, the ecotypic diversity of the Rhodopseudomonas group may have been underestimated.
Rhodopseudomonas and other purple nonsulfur bacteria have received attention as potential biocatalysts for nitrogenasemediated biohydrogen production because they can derive ATP to drive this thermodynamically unfavorable reaction from the abundant resource of solar energy (32, 33) . Currently, large quantities of hydrogen gas are used in petroleum refining and ammonia production for fertilizer, and in the future there is the potential for hydrogen to be used in huge amounts as a transportation fuel. Although still under development, biological processes for hydrogen production have the advantage of being environmentally benign compared with the petroleum-based processes that are now used for hydrogen production. The diversity of Rhodopseudomonas strain-specific attributes provides new opportunities to analyze the integrated functioning of the hundreds of proteins involved in photophosphorylation, carbon metabolism, reductant transfer, and nitrogenase synthesis that are needed for hydrogen production. For example, studies of how BisA53 synthesizes and controls the activities of its record number of seven peripheral light-harvesting complexes in response to light intensity and quality should expand our current limited understanding of how synthetic biology and genetic engineering might be applied to maximize the efficiency of light absorption for photosynthesis. Similarly, studies of how CGA009 differentially regulates the expression of its three nitrogenase isozymes should lead to an improved ability to manipulate nitrogenase synthesis according to external cues of metal availability and nitrogen starvation. The expanded abilities of strain BisB5 to use aromatic compounds of the type derived from low-cost agricultural feed stocks provides opportunities to study and improve the ability of cells to simultaneously use diverse electrondonating substrates for hydrogen production. Finally, our discovery from its genome sequence that BisB18 can produce substantial amounts of hydrogen by pyruvate fermentation in the dark (Table  S4) , as well as via nitrogenase in light, has obvious implications for 
